Aim: To analyse nuclear chromatin texture in non-recurrent and recurrent papillary urothelial neoplasms of low malignant potential (PUNLMPs). Materials: Ninety three karyometric features were analysed on haematoxylin and eosin stained sections from 20 PUNLMP cases: 10 from patients with a solitary PUNLMP lesion, who were disease free during at least eight years' follow up, and 10 from patients with unifocal PUNLMP, one or more recurrences being seen during follow up. Results: Kruskal-Wallis analysis was used to search for features showing significant differences between recurrent and non-recurrent cases. Significance was better than p,0.005 for more than 20 features. Based on significance, six texture features were selected for discriminant analysis. Stepwise linear discriminant analysis reduced Wilk's l to 0.87, indicating a highly significant difference between the two multivariate data sets, but only modest ability to discriminate (70% correct case classification). A box sequential classifier was used based on data derived from discriminant analysis. The classifier took three classification steps and classified 19 of the 20 cases correctly (95% correct case classification). To determine whether significant case grouping could also be obtained based on an objective criterion, the merged data sets of non-recurrent and recurrent cases were submitted to the unsupervised learning algorithm P-index. Two clusters were formed with significant differences. The subsequent application of a Cooley/Lohnes classifier resulted in an overall correct case classification rate of 85%. Conclusions: Karyometry and multivariate analyses detect subvisual differences in chromatin organisation state between non-recurrent and recurrent PUNLMPs, thus allowing identification of lesions that do or do not recur.
T
he World Health Organisation/International Society of Urological Pathology consensus classification of urothelial (transitional cell) neoplasms of the urinary bladder 1 subdivides the morphological spectrum of non-invasive urothelial papillary tumours into papilloma, papillary urothelial neoplasm of low malignant potential (PUNLMP), low grade papillary carcinoma, and high grade papillary carcinoma. This classification, known as the 1998 WHO/ISUP classification, will become the 2004 WHO classification of the non-invasive papillary urothelial tumours. It replaces the 1973 WHO system, which included urothelial papilloma, and papillary carcinoma of grade 1, grade 2, and grade 3. 2 PUNLMP basically corresponds to papillary carcinoma of grade 1. 3 There is no full consensus in the current literature on whether the 1973 WHO system should be discarded and replaced by the 1998 WHO/ISUP classification. 4 5 PUNLMP is a non-invasive papillary urothelial lesion with an orderly arrangement of cells within papillae, with minimal architectural abnormalities and minimal nuclear atypia, irrespective of cell thickness. 1 In general, the major distinction from papilloma is that in PUNLMP the urothelium is much thicker and/or nuclei are greatly enlarged. In contrast, urothelial papilloma has no architectural or cytological atypia. Mitotic figures are infrequent in PUNLMP, and usually limited to the basal layer. Low grade papillary urothelial carcinoma is characterised by an overall orderly appearance, but with easily recognisable variations in the architectural and or cytological features, even at scanning magnification. 6 Variations in polarity and nuclear size, shape, and chromatin texture comprise the minimal but definitive cytological atypia. Mitotic figures are infrequent and are usually seen in the lower half. 5 ''It is not possible to identify those papillary urothelial neoplasm of low malignant potential cases that will recur based on conventional histopathological assessment''
PUNLMP is a clinically important lesion because patients are at increased risk of developing a recurrence. This was documented in 35% and 47% of patients reported by Holmäng and colleagues 7 and by Pich et al, 8 respectively. Nevertheless, the prognosis for patients with PUNLMP is excellent. Rarely, these patients may present with tumour progression; that is, a tumour recurrence with invasion of either the lamina propria or the muscularis propria, or carcinoma in situ. In a series of 112 patients described by Cheng et al, 9 only four developed invasive urothelial carcinoma, whereas Samaratunga et al reported a progression rate of 8%, compared with 0% and 13% for papilloma and low grade papillary carcinoma, respectively. 10 A variety of immunohistochemical and molecular markers have been applied to predict disease recurrence. [12] [13] [14] [15] However, conflicting results have been reported. Recent studies have shown that evaluation of the nuclear chromatin organisation state by karyometry is useful in the identification of patients at risk for recurrence of superficial urothelial carcinoma. [16] [17] To the best of our knowledge there are no previous studies on the usefulness of karyometry in the identification of those PUNLMP cases that will recur.
The goal of our study was to analyse nuclear chromatin texture in non-recurrent and recurrent PUNLMP.
MATERIALS AND METHODS
Twenty cases of PUNLMP were retrieved from the tissue archives of the section of pathological anatomy and histopathology, Polytechnic University of the Marche Region, Ancona, Italy. Ten were from patients who had a solitary lesion, less than 1 cm in diameter, diagnosed as PUNLMP. The patients were disease free during a follow up period of at least eight years. This group was defined as ''nonrecurrent'' (NR). The other 10 were from patients with a unifocal lesion, less than 1 cm in diameter, diagnosed as PUNLMP, with one or more recurrences being seen in the follow up (none of the these cases progressed to a higher grade and/or became invasive. In most of the patients the first recurrence was seen six months to one year after the removal of the primary tumour; the case with ambiguous classification-see Results-recurred after one year and a half). This group was defined as ''recurrent'' (R). The recurrent lesions showed a histological appearance identical to that seen at the first presentation. From this group, only the primary or initial tumours were included in the investigation. There were no differences between the NR and R groups with regard to sex and age of the patients (their mean age was 62.5 years). The initial tumours and the recurrences were treated by transurethral resection. None of the patients received adjuvant treatment-for example, BCG or intravesical chemotherapy.
All the samples had been fixed in 4% buffered formaldehyde for 24 hours before processing and originally reported according to the 1973 WHO system. We are in the process of reclassifying all the bladder specimens seen in Ancona since 1990, and this is being done by two of our group (RM and LMT) according to the 1998 WHO/ISUP classification.
Karyometric and statistical analyses
For the purpose of our study, 5 mm thick sections were cut from the paraffin wax blocks and stained with haematoxylin and eosin (H&E) in the same batch and at the same time.
Karyometry was carried out at the optical sciences centre of the University of Arizona, Tucson, Arizona, USA, on the fresh H&E stained sections. H&E staining was used so that the results from image analysis could be directly compared and correlated with the histopathological assessment. Bahr and colleagues 18 and Keenan and colleagues 19 showed that data derived from H&E and Papanicolaou stains are linearly correlated with those from Feulgen.
The nuclei were recorded on a video microscope equipped with a 63:1 Zeiss (Oberkochen, Germany) planapochromatic oil immersion objective, NA 1.40, and a COHU (San Diego, California, USA) black and white video camera. An interference filter with a maximum bandpass at 610 nm was used The values in parenthesis refer to an arbitrary code number with which the feature is identified in the computer program. Figure 1 The case averaged nuclear abnormality values for two prognostic groups. An arbitrary threshold of approximately 1.05 can correctly classify 13 cases (65%) into the correct groups. NR, nonrecurrent group; R, recurrent group. to enhance the contrast of the H&E stained sections. The relay optics provided a sampling density of 6 pixels/mm. Individual nuclei from the images were edited using an interactive procedure and then filed for feature extraction. Enough fields were recorded to provide 100 nuclei/case for a total of 2000 nuclei. The nuclei were randomly selected from the intermediate and basal layers.
In total, 93 karyometric features were analysed in our study. These were related to nuclear area, total optical density, and chromatin distribution and pattern. [20] [21] [22] Table 1 provides a sample list of the features analysed (all features are given in relative units of measure; the values in parenthesis refer to an arbitrary code number with which the feature is identified in the computer program).
Statistical analysis included the Kruskal-Wallis (KW) test to determine significant differences in the global (see below) and chromatin texture features between the two pathological groups. The available statistical power for assessing the accuracy of classification procedures was determined using . [23] [24] [25] [26] [27] The non-supervised learning algorithm P-index was used to explore multivariate data structure in pathological subgroups. 24 Statistical analyses also included the application of a box sequential classifier and a Cooley/Lohnes classifier (CLASIF) (Elashoff JD. nQuery AdvisorH Version 4.0. Los Angeles, CA, 2000). [23] [24] [25] [26] [27] Significance of classification accuracy for each approach relied on exact binomial tests of significance performed using Stata 8.2.
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The sequential box classifier is a non-parametric procedure, which sequentially selects the features according to their ability to provide error free classification. After each step, the correctly classified objects are removed from further consideration, and the process is started again, searching for the best feature to work on the remaining subset of objects. 24 CLASIF is a parametric procedure, which classifies objects on the basis of the highest relative likelihood into one of several possible multivariate probability density distributions. In our study, the non-supervised learning algorithm P-index formed two groupings of objects; that is, strictly on the basis of the data structure of the merged NR and R data sets. The P-index established mean vectors and variance-covariance matrices for these groupings. These were then submitted to the CLASIF algorithm. 27 Although there were 1000 nuclei in each group, there were only 10 cases in each group. This was deemed inadequate to form independent training and test data sets on a case basis. To guard against overtraining and the potential inclusion of a spuriously discriminating feature, it was decided to set the feature selection criterion to the high significance level of p , 0.005.
RESULTS
Nuclear abnormality and lesion signature As a first step, nuclear abnormality values were computed, using as normal reference data set nuclei from normal bladder epithelium, recorded in an earlier study 16 (for details in the calculation of the nuclear abnormality value, see Montironi and colleagues 16 and Bartels and colleagues 28 ). In most cases, the nuclear abnormality was only slightly increased over the values expected for a set of normal nuclei-that is, 0.65. Figure 1 shows the case averaged nuclear abnormality values for two prognostic groups. An arbitrary threshold of 1.05 can correctly classify 13 cases (65%) into correct groups. The distributions of nuclear abnormality values-the lesion signatures-show a slight increase of nuclei with higher abnormalities in the data set representing recurrent disease. However, the difference is too small to offer discriminating information.
Global features
The features expressing values descriptive of the nucleus as a whole, the so called global features-nuclear area, nuclear roundness, and total optical density-did not show significant differences between the non-recurrent and recurrent cases.
Chromatin phenotype
The pixel optical density (OD) histogram showed a slight shift towards higher values in the recurrent data set (fig 2) . The pixel OD co-occurrence features showed a similar trend. Table 2 lists the scaled frequencies of occurrence for the nonzero elements in the co-occurrence matrix (the notation is row/column of a 6 6 6 pixel OD range matrix covering the The features are represented by the value used to identify them in the computer program (the pixel OD histogram, the co-occurrence matrix, run lengths, and two summarising features). OD, optical density; NR, non-recurrent group; R, recurrent group.
OD range from 0.0 to 1.8 and above). 22 In the recurrence data set there was an increase in pixel adjacencies in the 0.60-0.90 and 0.90-1.20 OD ranges-at higher OD values-suggesting denser and slightly larger chromatin granules.
The run length features reflected the same development in the two groups. Although there was almost no difference in the run length frequencies in the lower pixel OD ranges up to OD 0.60, the OD ranges 0.60-0.90, 0.90-1.20, and even 1.20-1.50 and higher, showed more and longer runs in the recurrence data set-granules were not only darker, but larger (table 3) .
To search for specific features showing significant value differences, a KW test was conducted. The test showed more than 20 features with a level of significance better than p , 0.005. On the basis of their significance value, six texture features were selected for discriminant analysis. Table 4 lists these features, along with their mean values.
Discriminant analysis
A stepwise linear discriminant analysis reduced Wilk's l to 0.87, indicating a high level of significance of the difference between the two multivariate data sets, but only a modest ability to discriminate: only 14 cases (seven of 10 in the NR group and seven of 10 in the R group) were correctly classified. A two sided exact binomial test results in a p value for this outcome of 0.115 when compared with the null hypothesis of no classification ability (a 50% classification rate by chance alone). Thus, if discriminant analysis had no ability to classify these cases, accuracy as high as this or higher would be observed by chance only one time in nine. Figure 3 shows the case averaged discriminant function I scores for the two prognostic groups. The distribution of the scores showed a noticeable shift to negative values for the cases with recurrent lesions (assigned by the algorithm to the recurrent data set), and a reduction of the number of nuclei with high discriminant function scores, compared with the nuclei from non-recurrent cases (fig 4) .
An attempt was made to use as a metafeature the percentages of nuclei above an arbitrary threshold in the discriminant function I score distribution. Such a threshold was set at a value of +0.40 ( fig 4A) . If one chose as a criterion the occurrence of 50% of nuclei above this threshold, the cases with more than 50% of nuclei above +0.40 are assigned to the NR group, whereas those cases with a proportion lower than 50% are assigned to the R group. Seven of the 10 nonrecurrent cases and all 10 of the recurrent cases were correctly identified (85% correct classification; p = 0.021). This metafeature, which shows significance in its classifying ability, provides a good first step for a sequential classification procedure.
In the data set of recurrent cases the percentage of nuclei with high negative values (discriminant function score of less than 20.8) was clearly increased (fig 4A,B) . As a step in a sequential decision process, a threshold set at . 20% along this metafeature would allow an error free recognition of four of the recurring cases, as opposed to the three non-recurrent cases with fewer than 50% of nuclei above the high threshold of +0.40. Figure 5 shows this situation. In the lower left hand corner of this figure, there are nine cases that discriminant function I score metafeatures were unable to distinguish. These two sets of nuclei, of sample sizes 600 and 300, respectively, were subjected to a KW test to explore whether features with clearly different values existed. The KW test revealed more than 20 such features at a p value of 0.005 each. On the basis of their significance value, six features were selected for a discriminant run. Although the differences between the two multivariate data sets were not substantial, they were sufficient to allow a reduction of Wilk's l to 0.83.The discriminant function II, derived from the nine cases, was then applied to all non-recurrent and recurrent cases. Table 5 shows the resulting mean discriminant function II scores. The dagger symbol in this table indicates those cases that were correctly classified by the second step (threshold on discriminant function I set at . 0.20).
A box sequential classifier (for specific details of this classifier see Bartels and Olson 24 ) was used. This classifier took three classification steps and classified 19 of the 20 cases correctly (95%; p , 0.0001), deciding that for one case no unambiguous classification decision could be reached (table 6) .
Unsupervised learning algorithm P-index and CLASIF
To determine whether a significant grouping of cases could be obtained based on an objective criterion, the merged data sets of non-recurrent and recurrent cases were submitted to the unsupervised learning algorithm P-index. The two features used previously were used again. The P-index formed two clusters with significant differences (p = 0.037), assigning 12 cases to the first cluster and eight cases to the second cluster (table 7) .
Because the P-index algorithm forms its groupings based on estimates of the variance-covariance structure of the emerging clusters, 16 25 these results suggested that an estimate of a more generally valid classification success rate is offered by a bivariate plot, showing the discriminant function I derived feature on the abscissa and the discriminant function II score derived feature on the ordinate. This is depicted in fig 6, with the 95% confidence ellipses for the mean vectors and the 90% tolerance ellipses for the cases being shown. The Bayesian decision boundary delineates the line of equal error probability.
A numerical estimate of expected errors from this graph could be derived, but the application of a CLASIF, based on an estimate of the bivariate mean values and variance/ covariance matrices, is more reliable. 27 This algorithm resulted in an overall correct case classification rate of 85% (p = 0.021).
DISCUSSION
Recurrence in PUNLMP has been investigated in relatively few studies. [11] [12] [13] [14] [15] Some of these were based on morphological evaluation and did not identify histological differences between recurrent and non-recurrent tumours. This holds true also for our study. Architectural and cellular differences Table 6 Results of the box sequential classifier
NR correct NR error R correct R error
Step1: discriminant I feature 7 0 0 0
Step 2: discriminant II feature 0 0 9 0
Step 3: discriminant I feature 3 0 0 0
Correctly classified 10 9 Unclassified 1 NR, non-recurrent group; R, recurrent group. 1  1  11  1  2  1  12  2  3  2  13  2  4  1  14  2  5  1  15  2  6  1  16  2  7  1  17  2  8  1  18  2  9  1  19  1  10  1  20  1 NR, non-recurrent group; R, recurrent group. between the recurrent and non-recurrent lesions were not seen microscopically when the cases were reviewed. Some studies investigated the cytokeratin (CK) expression pattern in recurrent and non-recurrent PUNLMP. 11 29-31 CK20 was the most commonly studied cytokeratin, either for normal (staining restricted to superficial or umbrella cells) or abnormal expression (diffuse full thickness positivity or negativity). 30 Alsheikh et al found that low grade papillary tumours, including PUNLMP, showing a normal CK20 expression pattern recurred less frequently than did those lesions with an abnormal pattern of staining. 11 However, the differences were not significant. In particular, 20% of tumours that were classified as PUNLMP and that recurred showed normal CK20 expression. A similar observation was made by Desai et al. 29 The conclusion of these studies was that it was not possible to identify a subset of low grade papillary tumours with a high likelihood of recurrence.
To improve the discrimination between recurrent and nonrecurrent cases, some attempts were made to investigate the predictive role of the combined expression of CK20 with either the high molecular weight cytokeratin 34bE12 31 or with CD44.
29 CD44 encompasses a family of polymorphic transmembrane glycoproteins involved in cell surface binding to hyaluronidase, collagen, fribronectin, and ankyrin. 13 15 29 The combined immunoprofile of CK20 and 34bE12 was analysed by Ramos et al. 15 They concluded that CK20 and the 34bE12 antigen were strong predictive markers of disease recurrence when considering different topographic expression profiles.
15 CD44 expression was evaluated by Desai et al, 29 who found that CK20 and CD44 did not show a significant correlation with recurrence.
Other studies evaluated proliferative activity, either alone or in association with other markers, such as p53, c-erbB-2, and bcl-2. 8 13 14 31 Proliferation was measured either as MIB-1 expression or as mitotic count. The limitations of these studies and of those mentioned in the previous paragraphs are that the markers were evaluated by a variety of assays, using a variety of reagents, interpreted according to variable criteria, and reported in a variable manner.
However, such studies basically agree on the fact that p53 expression is uncommon in PUNLMP and is often present in low grade papillary carcinoma, whereas proliferative activity is increased in PUNLMP compared with benign urothelium, and this increase is more pronounced in low grade papillary carcinoma. Pich et al showed that MIB-1 immunopositivity was the only independent factor predicting disease recurrence. 8 The same group of authors also performed a rather simple morphometric analysis of the nuclear area and perimeter. They found no close relation between these two features and recurrence.
''Our study shows that karyometry can be used to plan follow up strategies in patients with papillary urothelial neoplasm of low malignant potential lesions, predict the results of therapeutic interventions, and categorise patients into risk groups''
In recent times, more comprehensive karyometric analyses have been performed. 16 17 32 These included the evaluation of nuclear chromatin texture. Gschwendtner et al showed that nuclear texture feature analysis is capable of distinguishing between normal and neoplastic urothelial nuclei, with the performance of this approach being superior to DNA ploidy analysis. 32 A similar technique was used in a study carried out by our group, 16 and we found that karyometry detected an abnormal chromatin pattern and distribution in the normal looking urothelium adjacent to papillary carcinoma. Such alterations correspond to so called malignancy associated changes. Both studies applied such an analysis to cases still classified on the basis of the 1973 WHO scheme, and did not investigate the relation between texture feature changes and disease recurrence, even though the existence of an association between the chromatin pattern and prognosis was suggested.
Van Velthoven et al investigated the role of quantitative chromatin pattern analysis in the identification of patients at risk for recurrence. 17 They based their study on the 1973 WHO classification. Patients with either non-invasive (pTa) or lamina propria invasive (pT1) disease (superficial bladder cancer) were considered. They found that discriminant analysis based on chromatin texture features (related to chromatin distribution and condensation) was more efficient in determining the risk of recurrence than the conventional grading and staging systems.
Our present karyometric study differs from the previous one in that it is based on the current grading system (1998 WHO/ISUP; that is, the 2004 WHO classification) and noninvasive PUNLMP lesions only were investigated. 16 17 32 33 Its sample size of 20 provided 80% statistical power to identify classification algorithms as performing significantly better than chance if their true accuracy rates were 80% or higher, a reasonable demand if the usefulness of this approach is to be demonstrated. The results of our study went against our original expectations: it had been considered unlikely that nuclei collected from biopsies of PUNLMP lesions would provide prognostic information as to which cases might have a recurrence. Similar to the previous studies, 16 17 it has been shown that nuclear chromatin texture features are superior to those concerning nuclear area and DNA content when those patients who experience disease recurrence have to be identified.
Our study shows that karyometry can be used to plan follow up strategies in patients with PUNLMP lesions, predict the results of therapeutic interventions, elucidate the natural history of cancer, and, in particular, categorise patients into risk groups. In addition to this, karyometry has a role in detecting the minor differences existing between PUNLMP and urothelial papilloma-a lesion that is usually thought to be benign and to require a follow up strategy different from that of the other papillary lesions.
Little is known about the underlying biological mechanisms responsible for the subvisual differences in chromatin organisation state between non-recurrent and recurrent cases. The fact that the patterns of chromatin packaging are consistent within defined pathological groups may be considered an indication of functional interrelations between nuclear structure and gene expression, 34 and suggests that chromatin organisation is under very tight cellular control Take home messages N Karyometry and multivariate analyses detect subvisual differences in the chromatin organisation state between non-recurrent and recurrent urothelial papillary neoplasms of low malignant potential-the chromatin granules in the recurrent group are darker and larger N This approach can be used to predict whether or not the lesions will recur N Further studies using a larger sample, in which a proliferation marker could also be evaluated, should be conducted to estimate more precisely the accuracy of the classification algorithms presented here, and to provide a statistical analysis of the sensitivity and specificity of this approach and that chromatin phenotype impacts on malignant potential. Epigenetic mechanisms such as histone acetylation and methylation probably play a major role in determining the chromatin pattern. Many recent studies have also shown that nuclear architecture, higher order chromatin organisation, and the topology of chromosomal territories in interphase cells might be involved in gene regulation. 35 A comprehensive model for these interactions does not yet exist but, as our study shows, the nuclear chromatin phenotype provides very specific clues to the underlying pathology, and its study is likely to be extremely important in cancer pathobiology.
In conclusion, karyometry and multivariate analyses detect subvisual differences in chromatin organisation state between non-recurrent and recurrent urothelial papillary neoplasms of low malignant potential (the chromatin granules in the recurrent group are not only darker, but larger), thus allowing a prediction of whether or not the lesions will recur. Similar analyses conducted in a larger sample, in which a proliferation marker could also be evaluated, will enable us to estimate more precisely the accuracy of the classification algorithms presented here, in addition to providing a statistical analysis of the sensitivity and specificity of this approach.
